The adiabatic laminar burning velocities of a commercial gasoline and of a model fuel (n-heptane, iso-octane, and toluene mixture) of close research octane number have been measured at 358 K. Non-stretched flames were stabilized on a perforated plate burner at 1 atm.
INTRODUCTION
Laminar burning velocities are important parameters in many areas of combustion science such as the design of burners or engines and for the prediction of explosions. While numerous studies have been performed to measure the laminar burning velocity of mixtures containing hydrogen, methane and to a lesser extend hydrocarbons from C 2 to C 3 , there are much less data available concerning fuels with a low vapor pressure (i.e. liquids under standard conditions). The most studied compounds amongst hydrocarbons containing more than four carbon atoms are n-heptane and iso-octane, which are the primary reference fuels for octane rating in spark-ignited internal combustion engines. (e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ). Among them, several studies concerned also binary mixtures of these two compounds (PRF mixtures, e.g. [10] [11] [20] ). Toluene is often used as a surrogate of the aromatic moiety of fuels, and few measurements of its laminar burning velocities have been presented [21] [22] [23] [24] To our knowledge, only two studies were performed with commercial gasolines [20] [25] . Jerzembeck et al. [20] have shown that the laminar flame velocity properties of a commercial gasoline can be satisfactorily matched by a PRF mixture with a research octane number (RON) of 87. However, while the agreement was very good for lean mixtures, deviations were observed for stoichiometric and rich mixtures. A first purpose of this study is then to experimentally investigate if the use of a ternary mixture (a PRF mixture including toluene) can better match the laminar burning velocity of a commercial gasoline.
The current atmospheric issues have led to an increasing interest to shift from hydrocarbon fossil fuels to bio-fuels, particularly ethanol in the case of gasoline [26] . Ethanol is indeed an attractive renewable alternative fuel with a high octane number (RON/MON=120/99) [27] . This explains why a larger number of studies of the laminar burning velocity of ethanol have been published in recent years ( [15] , [18] [19] , [28] - [35] ). Two studies have been published about a mixture of a large alkane (iso-octane) and ethanol [34] [35] , and one about a mixture of ethanol hal-00853563, version 1 -22 Aug 2013
and PRF [36] . Since ethanol is an alternative as well as complementary fuel to gasoline of increasing importance, the second purpose of this study is then to characterize the influence of the addition of ethanol on the laminar burning velocity properties of a commercial gasoline and of the ternary mixture proposed to represent it. Finally, a model is proposed to simulate laminar burning velocities of the mixtures investigated in this study, as well as of each component taken separately.
EXPERIMENTAL FACILITY
The measurements of laminar burning velocities were performed using a recently built flat flame adiabatic burner. This apparatus has already been used for measuring laminar burning velocities in the case of components and surrogate mixtures of natural gases [37] and diethylether [38] . It is based on the heat flux burner developed by the group of de Goey [39] . The apparatus consists of a burner head mounted on a plenum chamber. The burner head is a thin perforated plate made of brass of 30 mm diameter which is used to stabilize the flame. Each small hole of the plate has a 0.5 mm diameter and the pitch between the holes is 0.7 mm. Eight type K thermocouples of 0.5 mm diameter are soldered into the plate surface and are positioned at different distances and angles from the center to the periphery of the burner. The plenum chamber is encompassed by a thermostatic oil jacket, the temperature of which is set to the desired initial temperature of the unburned gas mixture. The circumference of the burner plate is heated with thermostatic oil set at least to 50 K above the temperature of the unburned gas mixture. The difference between the temperature of the fresh gases and that of the burner has to be high enough to be able to create a heat flux toward the fresh gases equal to that from the flame toward the burner. Furthermore, a higher temperature gap between the burner and the fresh gases induces steeper temperature variations along the burner diameter with the variation of the gas flow rate, and permits a more precise determination of the adiabatic conditions. Some tests were performed with fresh gases at 298 K and similar burning velocities were determined for hal-00853563, version 1 -22 Aug 2013 different burner plate temperatures, with a difference as low as 40 K. In practice, for a desired initial temperature of 298 K, the temperature of the mixing chamber was set to 298 K and that of the burner plate to 355 K. For the initial temperature of 385 K and 398 K, the burner plate temperature was set to 410 K and 450 K, respectively. Thus, the heat gain of the unburned gas mixture can compensate for the heat loss necessary for stabilizing the flame, knowing that monitoring of the heat loss or gain is performed with the thermocouples. If the unburned gas velocity is lower than the adiabatic flame burning velocity, the sum of the heat loss and heat gain is higher than zero. Then, the center of the burner plate is hotter than the periphery, and the flame is stabilized under subadiabatic conditions. On the other hand, if the unburned gas velocity is higher than the adiabatic burning velocity, the center of the burner plate is cooler than the periphery and the flame is stabilized under superadiabatic conditions. Thus, when the temperature profile is flat, it means that no heat is lost or gained by the flame so that the flame becomes adiabatic with respect to the burner. By changing the flow rate of the gas mixture, it is possible to find an appropriate value of the gas velocity to cancel out the net heat flux so that the radial temperature distribution in the burner plate is uniform. The flow rate at which the net heat flux is zero corresponds to the adiabatic flame burning velocity [39] .
Figure 1
For compounds gaseous at room temperature, gas flow rates were measured using Bronkhorst High-Tech Mass Flow Controllers (MFC). For compounds liquid at room temperature, liquid flow rates were measured using Bronkhorst mini-CORI-FLOW Mass Flow
Controller. Oxygen and nitrogen were delivered by Messer. Toluene was provided by Rectapur (purity > 99.99%), ethanol by Sigma-Aldrich (purity > 99.8%), n-heptane by Fischer (purity > 99.8%) and iso-octane by Fluka (purity > 99%). The commercial gasoline was provided by TOTAL (Reference IFPEN: TAE 7000).
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As the adiabatic laminar burning velocity is found when the net heat loss is zero, the error is only dependent on a few factors. The error in the laminar burning velocity can be attributed to the error in the mass flow measurements (around 0.5% for each MFC) which can lead to a global error of 1.5% in the laminar burning velocity, the error in reading the temperature with thermocouples which could lead to an error of around 0.2 cm/s in the laminar burning velocity, and to errors due directly to flame distortions, such as edge effects (estimated around 0.2 cm/s).
Concerning the calculation of equivalence ratios, note that the main error is due to the error in the mass flow measurements which leads to an error of about 1%. Finally, there are some qualitative errors which are difficult to evaluate such as the possible errors in the fresh gas temperature if the gaseous mixture does not spend enough time in the plenum chamber to uniformly reach the studied unburned gas temperature.
EXPERIMENTAL RESULTS FOR PURE COMPOUNDS
Laminar flame velocities were measured at 298, 358 and 398 K for pure n-heptane, iso-octane, toluene and ethanol for equivalence ratios ranging 0.6 to 1.8 when high enough vapor pressure was available. When possible the obtained measurements were compared with data from the literature. These results are presented in figures 2 to 5.
FIGURES 2 TO 5
Figures 2 and 3 compare our measurements for n-heptane and iso-octane to that of the literature. Considering the most recent data, our results are in good agreement at 298 K with the data of Davis and Law [4] , Huang et al. [10] and van Lipzig et al. [36] . At 358 K, our measurements for n-heptane are in good agreement with that of Ji et al. [6] for lean and stoichiometric mixtures but faster for rich mixtures, while burning velocities measured for isooctane are very close to those of Bradley et al. [11] . At 398K, our iso-octane burning velocities agree well with those of Halter et al. [12] , Zhou et al. [13] and Li et al. [14] . At the three studied hal-00853563, version 1 -22 Aug 2013 temperatures, for both alkanes, our measurements are systematically lower than those of Kumar et al. [16] , which are faster than that of the literature whatever the temperature of the fresh gases. Figure 4 displays the obtained results for toluene, which are in good agreement at 298 K with the few data from the literature, especially Davis et al. [21] , but slightly faster than those of Ji et al. [24] for rich mixtures. In the case of ethanol, which has been recently studied by several groups, our results are shown in Figure 5 . Our measurements at 298 and 358 K are in very good agreement with the recent data found in the literature [29] [32][34] [36] . A close agreement is observed with the measurements of van Lipzig et al. [36] obtained using the same method. 
FIGURE 7
In order to study the influence of the addition of ethanol on the laminar burning velocities of TAE7000 and of its surrogate, measurements have been made for mixtures of these two blends containing also 15% (vol.) of ethanol. The results are shown in figure 8 . While the addition of ethanol increases the RON value of the studied mixture above 100 (see Table 1 ) and while ethanol alone shows the largest values of the laminar burning velocities amongst the four studied compounds, the addition of 15% of ethanol has no effect both on the laminar burning velocities of TAE7000 and on those of its surrogate.
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FIGURE 8
A table of experimental values obtained for the laminar burning velocities of all studied neat compounds and mixtures with the associated errors (corresponding to error bars in the related figures) is given as supplementary electronic material.
MODELING
The detailed kinetic mechanisms used in this study for alkanes have been automatically generated by the computer package EXGAS, which has been developed for several years to automatically generate detailed kinetic models for the gas-phase oxidation and combustion of the main components of gasolines, diesel fuels and biofuels [40] [41] . In the case of toluene, a newly developed mechanism [42] , which was based on that of Bounaceur et al. [43] , has been used. To model the behaviour of the gasoline surrogate, the mechanism for toluene has been coupled to the one automatically generated for a n-heptane/iso-octane-mixture.
We will recall here very briefly the main features of EXGAS, which has been described in more detail previously [40] [41] . The system provides reaction mechanisms made of three parts.
(1) A comprehensive primary mechanism, where the only molecular reactants considered, are the initial organic compounds and oxygen. The following reactions are considered:
• From the initial reactants: unimolecular initiations involving the breaking of C-C and C-H bonds; bimolecular initiations with oxygen to produce alkyl and HO 2
• From alkyl radicals: isomerizations and oxidations with O radicals, and metatheses involving H-atom abstractions by small radicals; 2 to form alkenes and HO 2 radicals (the fact that the additions of alkyl radicals to oxygen molecules and the subsequent reactions, which are only important below 1000 K, are not considered allows the mechanisms to keep a limited size compatible with laminar flame speed computations);
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• From all radicals: decompositions of radicals by β-scission involving the breaking of C-C, C-O or C-H bonds.
(2) A C 0 -C 2 (3) A lumped secondary mechanism, containing the reactions consuming the molecular products of the primary mechanism, which do not react in the reaction base. To reduce the number of reactants in the secondary mechanism, the molecules formed in the primary mechanism, with the same molecular formula and the same functional groups, are lumped into one unique species, without distinguishing between the different isomers. The reactions of the lumped products are globalized reaction base, including all the reactions involving radicals or molecules containing less than three carbon atoms. The fact that no generic rule can be derived for the generation of the reactions involving very small compounds makes the use of this reaction base necessary. Note that the reactions of ethanol are included in this reaction base.
[41].
The model for the oxidation of toluene includes the following sub-mechanisms [43]:
• A primary mechanism including reactions of toluene as well as reactions of toluene and benzyl, tolyl (methylphenyl), peroxybenzyl, alcoxybenzyl and cresoxy free radicals.
• A secondary mechanism involving the reactions of benzaldehyde, benzylhydroperoxyde, cresol, benzylalcohol, ethylbenzene, styrene and bibenzyl.
• A mechanism for the oxidation of benzene including the reactions of benzene and of cyclohexadienyl, phenyl, phenylperoxy, phenoxy, hydroxyphenoxy, cyclopentadienyl, cyclopentadienoxy and hydroxycyclopentadienyl free radicals, as well as the reactions of ortho-benzoquinone, phenol, cyclopentadiene, cyclopentadienone and vinylketene.
• A mechanism for the oxidation of unsaturated C 0 -C 4 species, which contains reactions 
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This mechanism for the oxidation of toluene has been validated in previous work using experimental results obtained in jet stirred and plug flow reactors and in shock tubes [42] [43] .
Thermochemical data for molecules or radicals were calculated and stored as 14 polynomial coefficients, according to the CHEMKIN formalism [44] . These data were mostly calculated using software THERGAS [45] , based on the group and bond additivity methods proposed by
Benson [46] . The transport properties were used for the evaluation of gas-phase multicomponent viscosities, thermal conductivities, diffusion coefficients, and thermal diffusion coefficients and were defined in CHEMKIN format [44] . For the species for which it was possible, we considered the values of transport data issued from the literature and common to many chemical models. For the other species, we have used a correlation with the molecular weight proposed by Wang and Frenklach [47] .
The Premix code from the CHEMKIN Collection [44] is used for the flame modelling. Multicomponent diffusion and thermal diffusion options were taken into account. The complete model involves 304 species and 2234 reactions and is available on request. Figures 2 and 3 show the comparison between simulations and experimental results for n-heptane and iso-octane. In both cases, the agreement is satisfactory for lean, stoichiometric mixtures and moderately rich mixtures, but the burning velocities are underpredicted for equivalence ratios above 1.3. As shown in figure 4 , the agreement is very good for toluene on the whole range of equivalence ratio, with the shape of the evolution of the burning velocity better reproduced by the model than in the case of alkanes. The under prediction of burning velocities of the non-aromatic fuels in the richest conditions seems to be linked to intermediates, which are toluene. In rich conditions, the role of H-atoms is enhanced and the competition between the addition on unsaturated bonds of small hydrocarbons and the branching reaction H+O 2 = OH+O becomes very sensitive. The sub-mechanisms for the combustion of ethylene and C 4 should be revised in rich conditions but this development is beyond the scope of the present work. Figure 5 shows the comparison between simulations and experimental results for ethanol. In this case, a mechanism newly developed in our team and validated against premixed flame structure and laminar burning velocities has been used [48] . The burning velocities are well reproduced, with a small under-prediction for rich mixtures when the fresh gas temperature increases. hal-00853563, version 1 -22 Aug 2013
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